Introduction
Stem cell therapies are a new medical frontier. Pioneering work using hematopoietic stem cells in therapeutic settings has generated the precedent, and the recent scientific advances in stem cell biology, brain plasticity, genomics, and neuroimaging indicate that transformative changes lie ahead for repairing the CNS. These advances, supported by animal experiments that indicate some CNS damage may be preventable or reversible by stem cell-based approaches, along with the limited self-initiated reparative ability of the CNS and the enormous social burden of neurological disease and injury, make this system a prime target for regenerative therapies. Translation, by which we mean advancing scientific discoveries from the laboratory into practical applications for patient benefit, i.e., ''bench to bedside,'' requires a comprehensive collaborative team approach: research scientists and clinicians must work closely with regulatory agencies, patient advocacy groups, ethics bodies, cell manufacturing facilities, and industry to achieve the quality of studies and necessary funding to ensure success. This requires new partnership models for research in which traditional silos are broken down, translational teams are created, and new mechanisms for effective hand-off from nonprofit to for-profit are generated. Today many researchers in the stem cell field have advanced their research far enough to attempt clinical translation but lack the knowledge and wherewithal to accomplish this arduous, expensive, and long-term task (Figure 1 ). The significant hurdles needed to be surmounted are illustrated in the analysis of the drug development process (Figure 2 ). Despite these difficulties, steady progress toward this goal is being made, spearheaded by industry, academic institutions, and nonprofit foundations in conjunction with a recent focus by the National Institutes of Health (NIH) and the Food and Drug Administration (FDA) in the U.S. on both translational research and regenerative medicine.
Here we describe the current status of, and pathways for, stem cell-based CNS therapies, analyze the landscape of current regulatory approved clinical trials, discuss the recent industry trends and regulatory developments that can catalyze further translational progress, and describe key issues and currently available resources to facilitate more efficient translation of promising research.
Stem Cell Sources for CNS Repair Endogenous Sources
NSCs are the fundamental ancestor cells for the CNS (brain, spinal cord, and retina), defined by their ability to self-renew and produce all three major CNS cell types: neurons, astrocytes, and oligodendrocytes. NSCs can be expanded substantially, proliferating to produce cell lines that can differentiate into functional neural cells after in vivo transplantation, demonstrating tremendous promise for cell replacement and regenerative therapies. NSCs are abundant in different regions of the fetal CNS and are retained throughout life in restricted parts of the forebrain, notably the striatal subventricular zone and dentate gyrus of the hippocampus. Human NSCs have been isolated from donated fetal CNS tissue and can be defined by expression of surface markers such as CD133 (Uchida et al., 2000) , enabling prospective enrichment, in vitro expansion using growth factors such as FGF2 and EGF, and in-depth characterization. NSC primary cell lines generated from human fetal CNS tissue, typically around 8-18 weeks of gestation, are now the subject of a number of clinical studies. Progenitor cells that arise from human NSCs, such as glial-restricted progenitor cells (GRPs), which produce oligodendrocytes and new myelin, are also being advanced toward the clinic (Goldman, 2011; Sandrock et al., 2010) . Other sources of neural cells showing promise in preclinical studies include cells from nasal mucosa such as olfactory ensheathing cells (Lindsay et al., 2010; Raisman and Li, 2007) and skin-derived multipotent precursors (SKPs) (Fernandes et al., 2008) .
Multipotent stem and progenitor cells can also be extracted from adult CNS regions where neurogenesis is not apparent, then expanded and differentiated into neurons and glia in culture, e.g., from adult murine spinal cord (Lowry et al., 2008; Shihabuddin et al., 2000) , human cortex (Schwartz et al., 2003) , and retina (Giannelli et al., 2010) . These observations also raise the exciting possibility that there are compartments of endogenous stem cells that could be activated in situ to promote repair. Certainly, gliogenic progenitor cells are present throughout much of the CNS and can be coaxed to replace lost oligodendrocytes or, in the case of injury or disease, can 
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Pluripotent and Induced Sources
Human embryonic stem cells (hESCs) offer an abundant source of NSCs that can be further differentiated into a wide variety of functional neurons and glia. Induced pluripotent stem cell (iPSC) lines, derived by reprogramming adult somatic cells (e.g., fibroblasts) into an embryonic stem cell state, are a potential autologous source of NSCs (Hu et al., 2010) , and while not yet ready for clinical use, they are being explored as preclinical disease models (Cundiff and Anderson, 2011) . Another potential source still in the early stages of investigation is the directed differentiation of nonneural cells. For example, mouse fibroblasts can be transdifferentiated into neurons via addition of specific transcription factors in the neural pathway (Vierbuchen et al., 2010) and resident glia into subtype-specific neurons (Heinrich et al., 2011) , which may prove valuable for CNS disease modeling and conceivably for specific repair strategies.
Controversial Nonneural Sources of Neural Cells
There has been substantial controversy over claims that neural cells can be derived from nonneural tissue such as bone marrow with just environmental manipulations, including transplantation into neural tissue. Rigorous scientific tests and lack of reproducibility have shown that such claims are unfounded, yet they continue to plague the field: they are provided as rationale for ongoing unregulated clinical trials and are used to persuade patients to pay high sums for dubious and in some cases fraudulent therapies. It is important to educate the public through avenues such as the International Society for Stem Cell Research (ISSCR) website A Closer Look at Stem Cell Treatments (http://www.closerlookatstemcells.org) to help patients make informed choices when contemplating stem cell therapies.
Pathway from Bench to Bedside Impact Potential CNS disease targets encompass a wide range of neurological conditions with a variety of underlying causes. These include stroke, traumatic brain injury (TBI), spinal cord injury (SCI), multiple sclerosis (MS), age-related macular degeneration (AMD), Alzheimer's disease (AD), Parkinson's disease (PD), epilepsy, brain cancer, and, perhaps further in the future, mental disorders such as depression, autism, and schizophrenia. Up to one billion people worldwide have neurological disorders, accounting for 12% of global deaths (WHO, 2006) . As the population ages, the burden of age-related disorders such as dementia, AD, PD, and AMD will also increase. Translational Challenges for the CNS The pathway of discovery, development, and implementation of novel stem cell-based therapies for the CNS is being constructed and walked almost simultaneously. First-in-human CNS stem cell trials pose specific ethical, regulatory, and clinical challenges (Halme and Kessler, 2006) . There are also numerous scientific and medical challenges that are unique to the CNS, such as the impact of cell delivery in the host tissue; the need to maintain existing connectivity and functionality while supporting new therapeutically relevant cell integration; overcoming and/or utilizing the endogenous signals that impact the proliferation, migration, and fate of implanted cells; overcoming scar formation at the site of injury; the functional and metabolic interdependence of neurons, astrocytes, and oligodendrocytes and its impact on donor cell survival and function; the complex neuroimmune axis that exists in the normal and diseased CNS; and the challenge of modeling functional CNS recovery in animals. Some examples of these challenges are discussed below.
Regulatory Considerations
Despite the specific challenges of targeting the CNS, the translation process for cellular therapies involves the same basic steps as for drug therapies: clinical investigation must follow an Investigational New Drug (IND) application in the US (Figure 3 ) or similar regulatory filings in other countries. Human cellular products such as stem and progenitor cells have unique requirements for characterization, manufacturing, and testing that are regulated by a specific center within the FDA: the Center for Biologics Evaluation and Research (CBER) and its Office of Cellular, Tissue, and Gene Therapies (OCTGT).
If for real estate the mantra is ''location, location, location,'' for making regulatory contacts the mantra is ''early, early, early.'' FDA representatives can provide guidance that represents years Neuron Perspective of work, saving time and money. A valuable review of the FDA regulation of stem cell-based products outlines the safely issues, pointing out that the FDA has over 20 years of experience with cellular therapies to frame the work, but acknowledging that the high proliferative potential and plasticity of stem cells leads to additional concerns (Fink, 2009 ).
The process of submitting an IND application includes (1) a recommended pre-IND meeting with the OCTGT for guidance regarding preclinical study design, data analysis, clinical protocol schema, and necessary information for the IND application, (2) submission of the complete IND package, and (3) IND review (Figure 3) . If a sponsor has not heard from the FDA after 30 days, the trial can proceed; if there are safety concerns the FDA will impose a ''clinical hold'' until issues are satisfactorily addressed.
Detailed information can be obtained from the FDA website: http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/ cfCFR/CFRSearch.cfm?CFRPart=312.
While this process sounds straightforward, in the case of CNS stem cell therapies, the required documentation may run several thousand pages (Figure 3 ). This can be partially attributed to the fact that the lack of precedent for these first-in-human stem cell trials requires a higher bar for preclinical demonstration of efficacy and safety. The threshold for approval will vary depending on the disease indication and risk/benefit ratio. Additionally, if the cell product is genetically modified, separate documentation (''Appendix M'') must be submitted to the NIH Recombinant DNA Advisory Committee, established for the protection of patients. Novel, unprecedented studies will probably require a public hearing by this committee, where a panel of reviewers judge data presented and make recommendations to the investigators and FDA. Finally, due to the lengthy process, members of an FDA review panel may change over time, and new issues may be raised at any time prior to trial initiation. As new data are constantly being generated in this cutting-edge field, criteria for IND acceptance are changing. Demonstration of safety and feasibility in the first round of phase I stem cell-CNS trials will probably have a great impact on facilitating future IND filings.
Initiating the clinical study also requires Institutional Review Board (IRB), Institutional Biosafety Committee (IBC), and typically Stem Cell Research Oversight Committee (SCRO) approvals. One of the barriers to the full use of NSCs in patient populations is the reluctance of some IRBs to allow children to receive transplants, although many CNS diseases are congenital and fatal in childhood. This is probably due to the deaths of several gene therapy patients under age 21, which has sensitized IRBs to the public and legal issues involved. It is possible that instating a centralized IRB, which has proved successful in oncology, with a focus on CNS regenerative medicine could facilitate the process, by providing expert guidance, e.g., on pediatric studies and other aspects of regenerative CNS approaches to local IRBs. Preclinical Animal Testing Support for the clinical application of NSCs or other stem/ progenitor cells relies heavily on satisfactory proof of concept, efficacy, and safety in animal models of human disease. The FDA supports animal use aligned with the international commitment to the 3R concept: reduce, refine, and replace, ensuring that preclinical studies use reasonable numbers of animals and the optimum model and, if possible, replace animals by alternate means of testing. However, because no animal model entirely recapitulates the complexity of human pathology and anatomy, they are not always predictive of clinical outcomes. Furthermore, measuring clinically relevant endpoints related to higher neural functions such as cognition, learning, and memory is not always feasible. Large animal models are sometimes regarded as a needed second test species in which to confirm efficacy and/or safety as well as short-term surgical feasibility studies. However, these additional large animal studies are still xenogenic and very expensive and, especially in the case of nonhuman primates, require deep consideration for ethical use. Other ethical issues include humanization of the animal CNS by neural cell transplantation, which lead to additional scrutiny, for example, during SCRO review. Finally, we note that the accurate repopulation of immunodeficient rodent brains with NSCs and of the hematopoietic system with human HSCs has led to FDA-authorized clinical trials without the use of larger animals. Characterization and Manufacture of Cell Product for Transplantation Defining a therapeutic stem cell product is challenging as cells are not drugs with precise structures, but highly complex biological entities for which sets of key markers and attributes are still being defined. In the case of stem cell-derived RPE cells, for example, which are moving rapidly toward the clinic, signature gene expression patterns for the native tissue (Strunnikova et al., 2010) can help construct biomarker-based definitions for stem cell-derived RPE cells. While terminally differentiated cells may be most valuable for some indications, in other cases a precursor cell may be better suited for transplantation. For example, in myelination disorders, progenitors from fetal versus adult donors have distinct properties making them valuable for different applications (Goldman, 2011) . Therefore, it may be necessary to define a specific stage of the lineage for optimum results, underlining the need to perform thorough developmental biology groundwork.
Once the final cell product is identified, the production of cell lots for clinical use is a complex process that starts at the donor (of cells and/or tissues) level and ends in the preparation steps for product administration to the patient. Any activity along this process may introduce elements that can pose potential risks for adverse events. Cell-based therapies thus require stringent safety assessments, particularly in relation to contamination with infectious disease agents, animal product use, instability due to extended expansion, and tumorigenicity. The FDA has created guidance documents that address the various controls and safeguards starting with donor eligibility, initial collection of the source tissue under current good tissue practice (cGTP), and subsequent manufacturing steps under current good manufacturing practice (cGMP), which include tiered testing of master and working cell banks, as well as release testing that is done on the final cell product for transplantation (e.g., sterility, purity, identity) (Burger, 2003; Rayment and Williams, 2010) . Therefore, production of a cGTP/cGMP cell bank is a significant aspect of developing a cell therapy and investigators should not underestimate the complexity, the time involved, and the scientific and financial aspects of deriving cell doses for patient testing. In addition, given that pivotal preclinical studies should preferentially be carried out using the intended clinical cell lot, the need to implement cGMP/cGTP practices early may greatly impact timelines and development costs.
Cell Fate and Tracking In Vivo
For therapies involving cell administration to the CNS, determination of cell migration and fate in real time and long term is of major interest as it relates to dosing, efficacy, optimization, and safety concerns. Reporter genes used in preclinical studies are not intended for the final cell product used in clinical trials. Therefore, identification of donor cells in tissue at resection or autopsy can be made if there is a gender mismatch between donor and recipient or if there is a specific donor cell marker. A promising cell-tracking method for monitoring NSCs involves preloading with superparamagnetic iron oxide particles (SPIOs) just prior to administration and subsequently tracking their distribution over time by MRI. Preclinical studies in mice have demonstrated the effective use of MRI to track iron-labeled NSCs (Guzman et al., 2007; Thu et al., 2009) , and the safe use of iron oxide MRI contrast agents has been demonstrated in clinical research studies for CNS tumor visualization and diagnostic MRI. K.A., R. Moats, and J. Frank et al. are currently conducting the necessary preclinical safety and toxicity studies toward achieving FDA approval of iron labeling for their current NSC-mediated glioma clinical trial, described below. These advances will probably have applications for stem cells in other CNS clinical trials. Choice of Disease Target First-in-human studies involving NSC transplantation have been conducted in severe diseases in which the risk/benefit ratio is favorable. The first two trials involving transplantation of human NSCs into the brain were both for fatal, rare disorders: neuronal ceroid lipofuscinosis (NCL) and Pelizeaus-Merzbacher disease (PMD). Sponsors can benefit from the expedited timeline associated with fast-track status as well as cost and marketing incentives associated with an orphan drug status to efficiently get into clinical phase I programs. The Orphan Drug Act defines orphan drugs as those used to treat rare diseases (less than 200,000 people) and it provides grant money, tax credits, and exclusive marketing rights for 7 years after drug approval. For priority drugs and biologics, the FDA has an expedited fast-track program to shorten the new drug application (NDA) review time from around 12 months to 60 days. In addition, to promote discovery of treatments for pediatric diseases, the FDA established the pediatric rule, which requires assessment of safety and efficacy in children for select products, compensated by extending market exclusivity for 6 months (Liu, 2010) . Once human safety is established, both phase II dose-escalation studies and the inclusion of nonfatal diseases with larger population bases may be facilitated. Other sponsors have opted for initiating clinical testing of their cell product in more prevalent conditions such as acute spinal cord injury, stroke, ALS, and brain tumors (Tables 1, 2 , and 3).
Outcome Measures
One of the important hurdles in clinical study design for cell therapy trials is defining endpoints, as this is the measure of the trial's failure or success. This is particularly challenging given the degenerative nature of many target neurological disorders under consideration and the complexity posed by the rate of progression and lack of validated surrogate markers of disease.
The overall goal of phase I studies is to assess safety and feasibility, with the primary objective typically being to determine the maximum tolerated dose and dose-limiting toxicities. Secondary objectives are usually correlative studies that will expand the knowledge gained from conducting the trial. Examples include imaging studies to determine distribution of the stem cells, assessment of possible immunogenicity, and postresection and/or postmortem histopathological evaluation. Note that in the absence of noninvasive donor cell tracking, and especially in diseases in which patients might survive for many years after transplant, histological measures of donor cell survival, migration, or differentiation may not be available for decades. In terms of assessing for toxicity, adverse events are graded using scales such as the NIH Common Terminology Criteria for Adverse Events, version 4.0. The relationship of an adverse event to study treatment (unrelated, unlikely, possibly, probably, or definitely related) is assigned based on the known side effects of the therapy and the patient's personal medical history. Longterm follow-up for assessment of late toxicity is important, particularly in patients with nonfatal conditions, such as spinal cord injury, who might survive for many years after transplant. Although we hope to see some indication of therapeutic efficacy in phase I trials, it is not a prerequisite for the initiation of phase II studies, which are designed to evaluate efficacy.
The focus of phase II studies should include clinical outcomes that can be measured and result in a benefit for the patient. Examples of primary objectives for phase II studies include assessment of response rate (for example, defined as shrinkage of tumor in brain cancer studies or improvement in neurologic function in patients with ALS), time to disease progression and overall survival. Other examples include improvement of visual acuity or visual field sensitivity for retinal disorders and transition to a different American Spinal Injury Association (ASIA) grade for spinal cord injury. A treatment that demonstrates efficacy in a phase II study will then typically move on to phase III testing. Phase III studies are randomized, controlled, multicenter trials of large numbers of patients for definitive assessment of therapeutic efficacy as compared to the standard-of-care.
In summary, defining outcome measures and endpoints is a complex and sobering exercise. Unfortunately, applicability and value of such endpoints is oftentimes only evident after the trial is completed and many millions of dollars have been spent, highlighting the importance of a thorough and realistic reflection on endpoint selection.
Survey of CNS Clinical Trials Using Stem Cell Therapy
Therapeutic approaches using NSCs and other stem cell products for the treatment of CNS injury and disease fall into two broad categories, summarized in Figure 4 : (1) regenerative/cell replacement to promote host tissue repair mechanisms and/or replace missing or damaged cells, and (2) therapeutic delivery to provide therapeutic macromolecules (enzymes, cytokines, neurotrophins, drugs, etc.) for neuroprotection, drug therapy, and/or stimulation of repair. A third clinically relevant approach is drug discovery via stem cell-based disease models. In this section we focus on regulatory approved stem cell-based CNS clinical trials, summarized in Tables 1, 2 , and 3, and include some preclinical studies that are considered close to IND.
Regenerative/Cell Replacement Strategies
Stem cell therapies for neural transplantation and repair aim to replace damaged cells and/or promote host tissue local neural repair mechanisms, including neurogenesis, gliogenesis, and angiogenesis (see Table 1 ). Human NSCs derived from pluripotent cells or extracted from CNS tissue can be used as undifferentiated cells, relying on the host signals to stimulate their proliferation and differentiation, or their lineage descendents can be utilized, such as GRPs. The donor cells are typically delivered via stereotactic injection into the affected regions. An alternate means of cell replacement being developed is the recruitment of endogenous neural progenitor cells from active adult germinal zones or relatively dormant progenitors elsewhere in the CNS, as demonstrated in promising animal models of PD (Androutsellis-Theotokis et al., 2010) .
Spinal Cord Injury
In 2010, two trials were authorized for the use of neural cells to treat SCI. Geron Corporation (Geron) received FDA clearance to initiate a phase I trial using hESC-derived oligodendrocyte progenitors (OPCs), GRNOPC1, in subacute thoracic SCI. This landmark study represents the first huESC-derived product for clinical testing. StemCells, Inc. (StemCells) received regulatory authorization in Switzerland (SwissMedic) to conduct a phase I/II trial in chronic thoracic SCI using fetal-derived NSCs (HuCNS-SC). There are important similarities and differences in the design of each of these studies. Geron's GRNOPC1 contains hESC-derived OPCs that have demonstrated remyelinating and nerve-growth-stimulating properties leading to restoration of locomotor function in a rat model of acute contusion SCI (Keirstead et al., 2005) . StemCells reported similar findings in a mouse model of spinal cord contusion injury using HuCNS-SC (Cummings et al., 2005) and demonstrated their efficacy beyond the acute injury stage (Salazar et al., 2010) . The Geron phase I study will be conducted in ten patients with neurologically complete (grade A as defined using ASIA criteria) subacute thoracic (T3-T10) injuries. Enrolled patients will receive a single injection of 2 million GRNOPC1 cells into the lesioned site 1-2 weeks after injury. In contrast, StemCells' HuCNS-SC phase I/II trial is enrolling patients with complete and incomplete injury (ASIA A, B, and C) 3 to 12 months (early chronic phase) after thoracic injury (T2-T11), and patients will receive a dose of 20 million cells.
These trials should shed light on the potential for cell therapy in SCI. The Geron trial, as a first test of hESCs, is being awaited with both excitement and trepidation-if the outcome is negative, for example due to abnormal growths from infusion of cells with high proliferative potential, then this could be viewed as a blow to the hESC field. At the same time, we must remember that failures, however difficult to contemplate, are to be expected during development of a revolutionary new therapeutic, as was the case for bone marrow transplantation and the polio vaccine. Progress is most often made by going from ''bench to beside'' and back to the bench again with the gained clinical information applied to an improved second generation product to take back to the clinic. It is therefore important to educate the public as to the possible outcomes, both positive and negative, and the process and timeline for new stem cell therapy development. Pelizeaus-Merzbacher Disease StemCells is conducting a phase I study of pediatric patients with connatal PMD, a fatal congenital dysmyelination disorder, using HuCNS-SC. PMD results from a mutation in the X-linked proteolipid protein (PLP) gene, essential for myelin formation (Inoue et al., 1999) . The more severe form, connatal PMD, typically presents soon after birth and severe neurological impairments with abnormal mental and physical development lead to premature death. Enrollment for this trial was completed in early 2011; its primary goal is to determine safety. The potential to measure donor-derived myelination will also be assessed by MRI as a secondary endpoint in this study. Other preclinical studies have explored human glial progenitors for the treatment (Lu et al., 2009 ). Advanced Cell Technology, Inc. (ACT) received FDA authorization for studies using hESC-RPEs for Stargardt's macular dystrophy in 2010 and for AMD in early 2011. Although the primary defect in Stargardt's appears in the photoreceptors, secondary damage to the RPE underlies the rationale for replacing the RPE to improve cell function, support the photoreceptors, and delay retinal cell death. The AMD study will enroll 12 patients to address potential immunogenicity, tumorigenicity, and other safety issues for allogeneic hESC-RPE transplantation into retina. Cells will be injected as a suspension, and it remains to be seen whether they will incorporate into the existing RPE layer to form the polarized epithelium key for its normal function. Nevertheless, it is possible that a cell suspension could provide beneficial trophic factors even without epithelialization, although complications that are associated with RPE cell delamination, such as proliferative vitreoretinopathy, will be important to monitor. Related preclinicial work using hES-RPE is being developed by University College London in partnership with Pfizer's London Project, at U.C. Santa Barbara in partnership with Geron under a CIRM disease team grant and at Hadassah Medical Center, Jerusalem in partnership with CellCure Neurosciences, Ltd. Tissue-derived stem cells and adult RPE progenitor cells offer expanded quantities of standardized cells for replacement of the RPE retinal layer. The latter is being developed toward an IND for RPE replacement therapy at the Neural Stem Cell Institute. Parkinson's Disease PD is the most common neurodegenerative movement disorder, characterized by a loss of dopaminergic (DA) neurons in the substantia nigra, degeneration in the brainstem, and loss of other catecholaminergic neurons, which eventually leads to motor Neuron Perspective dysfunction and multiple neurological deficits. There is a long history of fetal cell and tissue transplantation to the projection sites of these DA neurons, the caudate-putamen, which has shown some promising results, tempered by the development of disabling dyskinesias in a number of patients (Hagell et al., 2002) . Concern has also been raised that engrafted cells may acquire the disease phenotype, as reflected in synuclein aggregates found at autopsy, although the significance of this observation is debated (Isacson and Mendez, 2010) . Nevertheless, for some PD patients, engrafted fetal-derived cells have given longterm relief, providing a rational basis for pursuing stem cell grafts of more uniform, defined cells. Data from such studies indicate that the relevant cell type is an immature A9 type dopaminergic neuron (Grealish et al., 2010; Mendez et al., 2005) . Methods are progressing to differentiate hESCs toward production of these bona fide midbrain DA neurons in sufficiently high numbers for transplantation, and this is likely to be another early indication for an hESC-derived cell product. Another approach for PD being explored by Neurogeneration, Inc. is autologous transplantation of cultured cells derived from cortical and subcortical tissue, which is reported to expand in vitro and produce some catecholaminergic and gabaergic neurons; although the current trial data are limited to a single case report, an autologous approach could be valuable as it avoids immunosuppression. Stroke ReNeuron is currently conducting a first-in-human trial for chronic stable stroke, administering fetal-derived allogeneic NSCs conditionally immortalized with c-mycER into the putamen adjacent to the infarct area, in order to promote surrounding host tissue regenerative responses. Preclinical studies in rats with middle cerebral artery occlusion demonstrated behavioral recovery in a dose-dependent fashion. NSCs are postulated to release factors that promote vascular growth and restoration of blood supply in damaged areas (Stroemer et al., 2009 ). It will be important to ascertain how long these cells survive in vivo and, given that the cell product is an immortalized line, to determine the safety profile in humans.
Nonneural CNS Stem Cell Treatments
Despite the fact that nonneural sources of stem cells do not normally generate bona fide neurons or macroglial progeny, a significant number of CNS clinical trials utilize such cells (see Table 2 ). In some cases there is clear rationale and evidence for nonneural cells alleviating cell loss or disease in the CNS, e.g., in We have made our best effort to include representative regulatory approved stem cell trials for CNS injury and disease and to fact check from original sources. We apologize for not being able to include all relevant trials. BMSCs = bone marrow stem cells; BMPCs = bone marrow progenitor cells; CNSSCs = central nervous system stem cells; ESCs = embryonic stem cells; GDNF = glial-derived neurotrophic factor; NSCs = neural stem cells; PBSCs = peripheral blood stem cells; UCBs = umbilical cord blood cells; BDNF = brain derived neurotrophic factor; GDNF = glial-derived neurotrophic factor; and hu = human. This description pertains to Tables 1, 2, and 3. rebuilding damaged blood vessels, which can be beneficial to restore areas of ischemic damage and slow neurodegeneration, as in murine models of retinal disease (Otani et al., 2004) . Another example is the treatment of Krabbe's disease (globoid cell leukodystrophy), a fatal lysosomal storage disease (LSD) in children, where clinical benefit is seen by presymptomatic treatment with allogeneic umbilical-cord blood stem cells (Escolar et al., 2005) . Correction in this and similar leukodystrophies is mediated by cellular enzyme replacement therapy through long-term engraftment of donor cells in the brain. In some cases, the transplanted nonneural stem cells are present in the CNS for a very short period, perhaps weeks, but this short-term presence is envisioned to generate beneficial effectors such as cytokines to ameliorate the disease process. The use of transient nonneural cells to treat severe and progressive neurological conditions has been viewed with considerable skepticism, especially in the scientific community, and yet with considerable hope in the patient community. Now a number of clinical trials have been authorized; indeed, the regulatory hurdles for safety, e.g., using autologous stem cells, can be easier to surmount, and as they progress, efficacy for a variety of CNS indications will be determined. Stroke SanBio, Inc. is currently in phase I/lla trials with a genetically modified bone marrow stromal cell product for stroke, SB623, derived by transfection with a plasmid encoding the human Notch-1 IntraCellular Domain (NICD) in order to enhance the cells' regenerative properties (Yasuhara et al., 2009 ), a process that may involve local delivery of soluble trophic factors, deposition of supportive extracellular matrix, and/or anti-inflammatory effects. SB623 will be delivered by direct transplantation into the brain, while other nonneural stem cell clinical trials are using intravenous infusion. Athersys, Inc. is investigating the administration of allogeneic bone marrow-derived multipotent adult progenitor cells two days after stroke. Aldagen is administering autologous bone-marrow stem cells into the carotid artery 2-3 weeks after stroke. Aldagen's cells are selected for expression of high levels of ALDH enzyme, which enriches for early hematopoietic cells (Gentry et al., 2007) . A similar approach is being taken by Johnson and Johnson using umbilical-cordderived cells. Again, multiple mechanisms have been proposed for benefit, based on expression of a complex set of factors that reduce inflammation, protect surrounding brain cells, and stimulate host angiogenesis. Cerebral Palsy and Pediatric Traumatic Brain Injury CP is caused by damage to brain motor areas in utero or during childbirth, often due to ischemic or hemorrhagic stroke. An ongoing study at Duke University is testing, in a randomized, placebo-controlled trial, whether an intravenous infusion of autologous cord blood, collected and banked at birth, can lessen the symptoms of children with CP between the ages of 1 and 6 years.
TBI is a major cause of death and disability in young children and adults. A phase I study completed at the University of Texas Health Science Center that used harvested bone marrow from pediatric TBI patients within 30 hr of the injury, followed by intravenous infusion of their autologous bone-marrow-derived mononuclear cells several hours later, has demonstrated safety and feasibility (Cox et al., 2011) .
Stimulating Endogenous Stem/Progenitor Cells
Another CNS regenerative/cell replacement strategy utilizes drugs or cytokines, rather than stem cell transplantation, to stimulate the patient's endogenous NSCs. Stem Cell Therapeutics, for example, has treated patients with acute ischemic stroke (clinicaltrials.gov NCT00362414) with a 9 day drug regimen of Beta-hCG plus Erythropoietin (NTx-265). This drug combination is postulated to stimulate the patient's own resident NSCs to reduce brain damage and promote regenerative processes in the ischemic brain region. A phase IIb clinical trial was reported in May 2010 to have failed to show efficacy due to unexplained high-level response in the placebo group as well as the experimental group.
Therapeutic Delivery
Stem cells may also be used to deliver therapeutic molecules, in some cases being modified prior to transplantation for use as a delivery vehicle to target sites of pathology (see Table 3 ). The types of molecules delivered include (1) neurotrophic factors and cytokines that can enhance regeneration, reduce cell damage and scarring, and promote process outgrowth and connectivity, (2) enzymes that can replace lost or mutated processes, and (3) chemotherapeutic agents for novel tumor treatments (Figure 4 ).
Batten's Disease
The first FDA-authorized IND using prospectively purified, ex vivo-expanded NSCs derived from donated fetal human brain (HuCNS-SC) was sponsored by StemCells for enzyme replacement in the two infantile forms of (NCL; Batten's Disease), a rare and fatal lysosomal storage disease in which a genetic defect leads to abnormal accumulations in lysosomes, neuronal dysfunction, and loss. The preclinical rationale was established in the immunodeficient PPT1 knockout mouse that exhibits key hallmarks of the human disease (Gupta et al., 2001 ). HuCNS-SC transplanted into the mouse brain migrated widely and produced the deficient PPT1 enzyme, leading to reduced stored material, preservation of hippocampal and cortical neurons, and a delay in motor coordination loss (Tamaki et al., 2009 ). The NCL phase I open-label study enrolled six pediatric patients with severe infantile and late-infantile NCL in a dose escalation design: testing a total dose of 500 million cells in the first three patients and one billion in the next three patients. The surgery, which involved multiple bilateral HuCNS-SC transplants into the brain in a single-stage procedure, was well tolerated and was followed by 12 months of immunosuppression. Postmortem evidence of donor cell survival was obtained in one subject who expired from the underlying disease 11 months after transplant. This phase I study, reported in June 2009, was the first to show human safety data with a NSC product (Steiner et al., 2009 ). The follow-on phase 1b study was halted in April 2011 due to inability to recruit patients matching the enrollment criteria, which is one of the potential drawbacks when targeting rare diseases. Brain Tumors: Glioma NSCs display inherent tumor-tropic properties that can be exploited for targeted delivery of anticancer agents to tumor cells (Aboody et al., 2008) . This strategy minimizes toxicity to normal tissues, potentially reducing undesirable side effects. A phase I clinical trial was initiated in September 2010 by COH for patients with recurrent high-grade gliomas, who have a median survival of 3-6 months with currently available treatments. This trial is testing an extensively characterized allogeneic NSC line (HB1.F3.CD), derived from fetal brain telencephalon by immortalization with v-myc, enabling effectively unlimited in vitro clonal expansion (Kim, 2007) . The line was further genetically modified to express cytosine deaminase (CD), an enzyme that converts the prodrug 5-Fluorocytosine (5-FC) to the active chemotherapeutic 5-Fluorouracil (5-FU). Safety, stability, and therapeutic efficacy studies were conducted in orthotopic glioma mouse models. Based on these and previous studies, it is postulated that after multiple injections into the tissue surrounding the tumor resection cavity at the time of surgery, the NSCs will migrate to residual and invasive brain tumor foci and convert orally administered 5-FC to 5-FU, preferentially killing surrounding tumor cells. This dose escalation safety trial will enroll 12-16 patients and is the first study to explore the safety and feasibility of a genetically modified allogeneic stem cell-based targeted cancer therapy using an enzyme/prodrug system in human patients. A second-generation strategy (funded by CIRM) is in progress with NSCs engineered to secrete a carboxylesterase that activates the prodrug CPT-11 (Irinotecan) to the topoisomerase inhibitor SN-38, a potent anticancer agent.
Drug Discovery and Toxicity Testing via Stem Cell-Based Disease Models
Another promising application of stem cells is in vitro models to study disease mechanisms, screen for drug candidates, and test drug toxicity. Stem cell-based ''disease in a dish'' models, particularly for diseases lacking good animal models, are developing rapidly and gaining recognition as proof of concept for IND applications. Improvements in stem cell-based in vitro models, and the advent of iPSCs expressing patient-specific disease characteristics, is anticipated to be an increasingly valuable component of the drug approval process.
HESCs offer an essentially unlimited supply of neural cells, enabling high-throughput drug screening, and are highly valuable for toxicology studies, given that the vast majority of early drug candidates fail at this step (Fernandes et al., 2009) . HESC lines can be differentiated into specific neural cell types to recapitulate key aspects of disease. Thus, coculture models show that Super Oxide Dismutase (SOD)-deficient astrocytes secrete factors that are detrimental to hESC-derived motor neurons (Di Giorgio et al., 2008; Marchetto et al., 2008) . The number of hESC lines carrying human mutations relevant to CNS disorders is building, and it would be valuable to collect these in a single, global, public-accessible registry.
With the discovery of iPSCs, an exciting avenue of research and potential therapeutic application has opened up because these cells can model the donor's disease. iPSC lines generated from patients suffering from a wide range of CNS disorders are being generated, an activity that eventually might be better centralized for banking and distribution, once the methods for iPSC generation, currently improving rapidly, reach a satisfactory threshold for standardization. Although the development of iPSC lines for autologous therapeutics has significant hurdles to overcome, such as cell instability, tumorgenicity, and expense, there is consensus that disease-specific iPSCs may have tremendous impact as drug screening platforms for efficacy testing of gene therapies and drugs (Lengerke and Daley, 2009 ). In the CNS arena, iPSC lines have been generated from ALS, Rett syndrome, retinal gyrate atrophy, and PD patients, allowing the derivation of cells for follow-on studies (Cundiff and Anderson, 2011; Howden et al., 2011) . For example, it has been demonstrated that iPSC lines with the LRRK2 mutation show increased expression of oxidative stress response genes and increased caspase-3 activation and cell death after stress (Nguyen et al., 2011) .
While the supply of tissue-derived NSC, RSC, and RPE stem and progenitor cells is more limited, the miniaturization of drug screening devices, for example to arrays of tissue printed spots of a few microns in diameter enabling 1000 point testing on a single glass slide (Fernandes et al., 2009) , will allow these cell sources to be used more efficiently, and in some cases, they might better model aspects of a specific disease to accelerate drug discovery.
Recent Industry Trends and Regulatory Developments
Private industry has traditionally led the translation process, either sourced in-house or in-licensed from academia. In recent years, however, interest in and funding for early-stage R&D and translational research has dramatically declined as industry has come under increasing financial pressure. While government agencies such as the NINDS, with a budget of $1.6 billion ($139 million allocated for repair and plasticity and $77 million for translational research) (NINDS, 2011), commit resources for early stage research, the vast middle ground of work in preclinical, phase I, and phase II studies are poorly supported, hence the ''valley of death'' (Figures 1 and 2) .
Recognizing the valley of death, several private foundations target and support translational research for specific neurological diseases (Table S1 , available online). Furthermore, alternative sources of funding such as government agencies and province-and state-funded initiatives have increased their commitment to funding translational research. NIH is mobilizing new translational efforts that include a National Center for Advancing Translational Sciences (NCATS), anticipated to launch in the fall of 2011, and an NIH Center for Regenerative Medicine. NINDS continues to support translational research with a number of initiatives, including the U-grant mechanisms ( Figure S1 ), centralized through the recently opened NINDS Office of Translational Research. An important strategic goal of NINDS is to improve connections between basic, translational, and clinical areas and to find new ways to engage the SBIR and STTR funding programs. A summary of U.S.-based resources applicable to stem-cell based CNS translation is given in Table 4 , with further details in the Supplemental Resources.
To further advance translational medicine, NIH has strengthened collaborations with the FDA. In February 2010, the FDA and the NIH announced a collaborative program to accelerate the pace of drug development. The program established a Joint NIH-FDA Leadership Council to ensure that regulatory considerations are embedded in the planning of biomedical research and the regulatory review process is up to date on the latest science. In addition, $6.75 million will be made available over the next three years for research focused on improving the methods, models, and technologies to evaluate safety and efficacy of medical product development.
An example of FDA and NIH interaction to promote translational research in the area of stem cell biology was a recent workshop entitled ''Pluripotent Stem Cells in Translation: Early Decisions'' (http://www.cvent.com/events/pluripotentstem-cells-in-translation-early-decisions/event-summary-942182d 84b084a798f982a3c9df62678.aspx), the first of a planned series to address moving pluripotent stem cell therapies into the clinic. Topics discussed included the choice, characterization, and biology of pluripotent cells, regulatory requirements and challenges, and technologies that may facilitate the translational trajectory.
A particularly noteworthy issue to emerge from this workshop highlights the FDA Donor Eligibility and Cell Banking Requirements. The FDA donor eligibility rule, effective May 25, 2005, It is not sufficient that the cellular or tissue-based product is tested; rather, the original donor must be screened and tested at the time of tissue recovery, using methods specified by the FDA (21 CFR 1271.85). The documentation of these tests must be available when the product is being evaluated by the FDA. This point cannot be stressed enough: cellular products for clinical use need to meet the FDA donor eligibility rule. For an hESC line, for example, meeting the requirements of the NIH Human Embryonic Stem Cell Registry does not ensure that the eligibility rule has been met (Table 4) .
Translation in an Academic Environment
Most academic scientists are focused on discovery and creative, hypothesis-driven science and are solving problems in the lab at a remarkable pace, creating fertile ground for translation. However, funding for basic research is getting more difficult to procure, discouraging young scientists from entering the field (Rohn, 2011) . Also, given that academic success is measured largely by publications and scholarly awards, there is no easy path nor career incentives for researchers to accomplish translation. Furthermore, translational research by its nature entails a high degree of risk ( Figure 2 ) and requires milestone-based go/no-go decisions that can mean relinquishing exciting ideas, which is particularly difficult for basic researchers for whom ideas are often career identifiers. At the same time, lack of institutional funding for intellectual property (IP) investment and large lag times to generate IP, which delays publications, take a toll. When IP is generated, tech transfer is often inefficient, leaving IP to languish. Because of these inefficiencies, the number of products generated from promising basic research is disappointingly low, and researchers and academic institutions are not sharing in the benefits of productive translation. Bold solutions are needed-for example, integrating interested researchers into translational teams so that they would spend a percentage of their time on a designated translational project, with commensurate (for time spent) funding for ''blue sky'' research. This team-based model could work for governmentled funding or within the context of private/public partnerships. Indeed, as pharmaceutical companies and biotech firms divest of in-house R&D arms, they are forming strategic academic partnerships to both capture IP and support research, and there is a growing list of companies in the stem cell space with CNS interests. Progress in such team approaches are exemplified by the NIH U-funding mechanisms and the CIRM disease-team approach (Table 4) .
Looking to the Future Stem cell research is one of the most rapidly developing areas of science and medicine. The explosive rise in discoveries and technologies that we see in the basic research labs has yet to enter the pipeline, and there is an enormous gap between what we can do at the bench and what we see in the current trials. While this is a constant source of frustration, the fact is that it means there is a lot to look forward to, as long as we can make the process of translation more efficient and affordable.
Currently, the production of specific cell types from stem cells is conducted differently in individual labs, and in some cases protocols-typically complex, multistep, and lab-idiosyncratic-can be difficult to repeat. Furthermore, cell output is measured with relatively rudimentary characterization, raising concerns that cells produced for clinical trials might not be bona fide, or stable, or as pure as reported. Developing a greater understanding of stem and progenitor cell characteristics, lineage relationships, and single-cell heterogeneity will enrich our knowledge of how NSCs generate diverse progeny and will be invaluable for cell characterization and standardization prior to transplant. It will also aid in identifying new ways to stimulate endogenous stem and progenitor cells, e.g., with small-molecule mimics of instructive factors that can lead to controlled in vivo cell expansion and differentiation.
In terms of cell transplantation for replacement, in addition to achieving routine and standardized protocols for hundreds of specific CNS cell types, we anticipate further genetic manipulation of cells prior to transplantation to correct genetically based diseases or combat the disease process. As well as directed single-gene excision or supplementation, the ability to alter networks and pathways via targeting noncoding RNAs and RNA binding proteins is another exciting avenue with great potential.
Combination therapies that take into account the specific cellcell and cell-matrix interactions that are crucial for CNS function are an active area of research. One promising option is to employ scaffolding along with stem cells to provide a substrate and functionalized artificial niche to direct stem cell behavior (Keung et al., 2010) . Expanding on this idea, CNS repair may be better achieved by transplantation of functional units that take into account the interdependence of different CNS cell types, maintaining key interactions such as endothelial cells and neural cells to improve graft vascularization, neurons, and glial cells or different neuron types to replace multiple elements of damaged circuits, perhaps in three-dimensional arrangements, as dramatically demonstrated by mouse ES-derived eye cup formation (Eiraku et al., 2011) .
Medical advances require a permissive environment to reach patients, and progress in regulatory science will be critical to enable successful, efficient translation. Current regulatory paradigms are of variable stringency depending upon global region and continue to evolve with scientific progress. Failure to conduct trials under strict regulatory oversight can increase risk to patients and the stem cell field in general. Sobering examples of isolated reports of adverse events in patients exploring socalled ''stem cell tourism'' include a young patient with ataxia telangiectasia given multiple CNS injections of unpurified and uncharacterized mixtures of fetal-derived NSCs from multiple donors over several years that led to donor cell tumor growth (Amariglio et al., 2009 ). This emphasizes the need to conduct such trials under suitable regulatory and ethics oversight.
One controversial issue is that regulatory clearance can be given in the absence of peer-reviewed publication of the relevant preclinical data, which precludes full scrutiny and replication of stem cell culture protocols and results by the broader research community. It should be underscored that the IND review process provides in-depth peer-review scrutiny through ad hoc consultants available to both regulatory and ethics bodies. Additionally, regulatory approvals by IRB, IBC, and SCRO subject the rationale and preclinical data to peer review, as does the NIH RAC for genetically modified cell products. The issue of publication is complex as the regulatory approval process has to take into account confidentiality issues to protect the sponsor, just as peer review of grant applications preserves confidentiality. Moreover, if publication were required, the wide spectrum of scientific journals would complicate distinction between meritorious preclinical data and those of lesser integrity and could cause further delays when there are many calls to speed up the regulatory approval process. It is also worth noting that a massive body of data is typically submitted in an IND application, far exceeding what can be compiled in one or two original research papers, and adding requirements would increase what is already a costly undertaking. Notably, while opinions will vary as to the scientific validity of a specific clinical trial or approach, the data most important to permit early clinical testing pertain to safety, which in the US must meet the high standards of the FDA embodied in statutes and regulations. Nevertheless, given the early stage of investigating stem cells as a source of neural therapeutics, their supreme complexity and the added challenge that they are living things that change over time and with handling and treatment, as much effort as possible toward publication and the opportunity to replicate data would greatly strengthen the overall effort by speeding knowledge exchange.
Autologous cell line production, in which a patient's own cells are cultured, expanded, and prepared for retransplantation as a patient-tailored treatment, poses another unique regulatory issue. From a biological standpoint, autologous transplantation is advantageous as it may obviate the need for immunosuppression, with its associated risks. However, the current extensive requirements for cell manufacture and testing may render such approaches cost prohibitive. Finding ways to facilitate authorization of clinical studies involving autologous transplantation will greatly benefit advances in individualized regenerative medicine.
Finally, world-wide adoption of standards for clinical trials, data collection, and data sharing would expedite the process of identifying proven treatments, which will protect patients, now growing increasingly savvy regarding regenerative medicine globally, and for whom transparency in shared information, and honest representation of risks and benefits by the scientific and medical communities is an essential public service. Efforts to find new ways to address the regulatory, cost, and funding issues, from organizations such as the FDA, EMA, NIH, ISSCR, GPI, and FasterCures (Table 4) that encourage discussion between stakeholders, are making headway.
Conclusion: Envisioning the Rosetta Stone
Stem cell research and application is opening great opportunities in CNS regenerative therapies. This survey shows that we are still at relatively early stages of defining safety for most of these studies. Nevertheless, encouraged by the progress to date, and especially by the stupendous strides being made in preclinical studies, we envision a much more concerted effort toward translation that would make the process more accessible, integrated into academic and industry settings, and efficient, therefore improving the chance that the health benefits of research reach patients (Table 5) . Moreover, such integrated efforts would ensure that researchers are rewarded for their discoveries and skills, bringing more funding into the pipeline to sustain the entire research enterprise and grounding research capacity, currently expanding in an unsustainable highly leveraged model (Alberts, 2010) , by linking it to revenues generated from real-world productivity. Translation is inordinately expensive and paying for this from the current NIH budget would severely hinder the basic research effort. Consequently, new funding streams, such as revenue return from successful translation, and private/public partnerships are needed. It is imperative to emphasize that the translational process-from bench to bedside-is founded at the bench, and while necessity is the mother of invention, creativity flourishes best when one is not worried about the next vial of stem cell culture medium. With the growing recognition that translation is a critical goal, and that we are on the brink of a revolution in CNS regenerative medicine, resources must continue to be amassed and 2. Facilitate collaborative translational teams of clinicians, advocates, basic researchers, and business experts to promote research that is clinically needed and compatible with current or anticipated practice and to assess commercial viability.
3. Encourage investigators to consider the practical outcomes of their research and to disclose and patent protect in a timely manner that does not significantly slow publication or hinder academic freedom.
4. Encourage academic institutes to adopt progressive intellectual property (IP) policies with milestones that if not achieved allow the inventor via assignment or license to move forward with development.
5. Create centralized institutional review boards (CIRB) for CNS Regenerative Medicine, along the lines of the NCI-CIRB initiative, with access to expertise to aid and inform local IRBs.
6. Form collaborations with NINDS and patient advocacy groups to facilitate patient recruitment and retention, including pediatrics and rare diseases.
7. Encourage private foundations to provide greater financial support for translational research.
8. Develop team-based milestone-driven research plans with early go/no-go decisions to keep more funding available for viable projects.
9. Create private/public partnerships centered on CNS regeneration to bring additional funding earlier in the pipeline.
10. Increase public education and awareness of the potential impact and possible outcomes of stem cell CNS clinical trials and the timelines and costs of therapy development, and encourage public involvement.
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